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Abstract: This paper investigates the tribological behavior of Stellite 6 coatings produced
with high-velocity oxygen fuel (HVOF), with an emphasis on the transition between
severe and mild wear regimes and the glaze layer formation. The development of these
coatings involved two spray parameters modifying the oxygen fuel ratio and three post-heat
treatment conditions at temperatures ranging between 600 °C and 1150 °C. The coatings
were tested under conditions varying the normal load, temperature, sliding distance, and
testing temperatures (up to 300 °C). The results show that the coating obtained from the
HVOF process exhibited a microstructure different from the conventional bulk Co-alloys,
significantly impacting the wear performance. The coating post-processing was essentialto
enhance wear resistance at elevated temperatures.
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1. Introduction

Co-based alloys exhibit exceptional wear and corrosion resistance, making them
suitable for diverse high-performance applications [1,2]. These alloys are frequently used
as coatings, as they can be applied to various substrates to enhance surface properties [3].
The primary alloying element in Co-based alloys is chromium, which enhances their
exceptional resistance to oxidation and corrosion [1,4]. These alloys are further strengthened
by elements such as carbon, tungsten, or molybdenum through solid solution or the
formation of intermetallic compounds [5]. Examples of cobalt-based alloys include Haynes,
Stellites, and Tribaloys [6]. The wear mechanisms in Co-based alloys shift from severe to
mild above a transition temperature, with several studies reporting a transition as low
as 250 °C [7,8]. Compared with most other materials, this transition to mild wear is an
advantage of Co-based alloys, where wear is generally detrimental at higher temperatures
due to oxidation and thermal softening.

While extensive research has investigated the conditions that facilitate mild wear and
the formation of protective tribolayers (glaze layers), most studies have focused on bulk
materials at temperatures above 500 °C [5,7-25]. Fewer investigations have examined
the impact of tribolayers on coatings [26-32]. Stellite 6 coatings produced by HVOF have
demonstrated microstructural differences (such as the presence of pores, oxidation and
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splat boundaries) that differ from those observed in bulk-cast materials (i.e., the presence of
intermetallics, elemental distribution related to cast-solidification), which have an impact
in properties such as corrosion resistance and wear performance [3,5,31].

To further understand the wear behavior of Co-based alloy coatings, this study evalu-
ated various wear conditions at 300 °C; the goal was to identify the key parameters driving
the transition from severe to mild wear in these Stellite 6 coatings produced by HVOE.

2. Materials and Methods

Stellite® 6 powder (Eutectic Powders, Vaudreuil-Dorion, QC, Canada), with a nominal
particle size Dys50 of 34 um, was used to spray the coatings. The coatings were applied at the
parameters listed in Table 1, with an Oerlikon Metco Diamond Jet™ 2700 gun (Westbury,
NY, USA) for HVOF spraying. Condition A refers to the standard condition [33]; Condition
B was a fuel-rich condition designed to use all available oxygen and reduce the oxidation
of the splats and oxides in the coating after spraying [34]. A D8 Discovery diffractometer
(Bruker, Billerica, MA, USA) equipped with a cobalt source (A = 1.78897 A) was used
to analyze the structure of the powder and the as-sprayed coating. The coatings were
prepared for observation and testing following a standard metallographic procedure of
grinding with SiC papers and three steps of polishing using 9, 3, and 1 pm diamond
solution. Micrographs and elemental analysis were obtained from the cross-section using a
scanning electron microscope (SEM, SU3500 and SU8500, Hitachi, Minato-ku, Tokyo, Japan)
equipped with an EDS detector.

Table 1. Spraying conditions.

Parameter A B
Powder feed rate (g/min) 23 23
Oxygen flow rate (LPM) 304 152
Propylene flow rate (LPM) 79 87
Air flow rate (LPM) 422 331
Spraying distance (mm) 150 150
Transverse speed (mm/s) 1000 1000
Number of passes 25 25
Width of spray (mm) 3 3

Spray coatings were tested under reciprocating sliding using a TRB (Anton Paar,
Baden, Switzerland) against an alumina ball of 6.35 mm diameter and following the
metallographic preparation mentioned above. Table 2 details the wear testing conditions,
including a 10 mm track length and 1 Hz frequency. For conditions without heat treatment,
stainless steel was used as the substrate, while a Ni alloy (X750) was used for heat-treated
conditions. Unless otherwise stated, only one test was performed per condition. The wear
rate was determined by estimating the volume loss of the wear tracks using profilometry
NewView (Zygo Corporation, Middlefield, CT, USA). A minimum of 25 profiles were
measured to calculate the average and standard deviation of the area under the curve. The
wear rate values were normalized using each condition’s track length, load, and distance.

The protective glaze layers found on Stellite 6 and similar cobalt alloys are tribolayers
that develop over time through tribo-sintering, a compaction process that arises from the
contact stresses and high temperatures generated by sliding wear [17,35,36]. Therefore,
variations in temperature (condition 2), applied load (conditions 3 and 4), and distance
(proportional to time, conditions 5 to 8) were included in this study. Heat treatments
(conditions 9 to 11) were performed on polished coatings in a Lindberg/Blue furnace in
ambient air, followed by air cooling or water quenching, simulating wear and oxidation
tests from the literature, at 600 °C for 2 h (air cooled), 850 °C for 24 h (air cooled), and
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1150 °C for 1 h (water quenched). Wood et al. [19] demonstrated that at 600 °C, glaze layer
coverage increased from 60% to 90% between 1 and 3 h. Bolelli et al. [28] found improved
wear resistance in a Co-based coating after a 600 °C heat treatment for 1 h, leading us
to select 2 h for the first heat treatment. Studies on a similar Co-based alloy (Haynes 25)
showed that pre-wear heat treatments above 1000 °C enhanced mechanical properties
with minimal oxidation, guiding the second heat treatment [13,17]. These conditions were
also used for solution annealing [37]. Lastly, we chose 850 °C for 24 h to promote surface
oxidation, a relatively low temperature and short duration compared with typical oxidation
tests [38]. All heat treatments and wear tests were conducted under ambient laboratory air,
without humidity or oxygen control.

Table 2. Wear test conditions.

Temperature Distance Heat Treatment

Parameters  Spray “0) Load (N) (m) C-h)
Std A 300 5 400 none
1 B 300 5 400 none
2 A 100 5 400 none
3 A 300 1 400 none
4 A 300 10 400 none
5 A 300 5 100 none
6 A 300 5 800 none
7 A 300 5 1600 none
8 A 300 5 3200 none
9 A 300 5 400 600-2

10 A 300 5 400 850-24
11 A 300 5 400 1150-1

The highlighted parameters show the differences from the standard conditions.

The microstructure of the as-sprayed coating, as well as the analysis of the wear
track, were evaluated using scanning electron microscopy. The tribolayer formed after
wear was then sectioned for post-analysis using a focused ion beam microscope (FIB, SU-
8230, Hitachi, Minatoku, Tokyo, Japan) and analyzed with scanning transmission electron
microscopy (STEM, Talos F200X G2, Thermo Scientific, Waltham, MA, USA).

3. Results and Discussions

Section 3.1 presents a detailed description of the feedstock powder, the as-sprayed
coating microstructure, and the impact of these on the mechanical properties. The wear
performance of the coating under standard (Std) test conditions is also discussed, focusing
on the coefficient of friction and wear rate observed.

Section 3.2 then examines the effects of varying the spraying and testing parameters
on the wear behavior of the coating, as summarized in Table 2. This section will explore
how changes to the spraying process, test temperature, load, distance, and heat treatment
can influence the coating’s friction and wear characteristics.

3.1. Coating Characterization of Standard (Std) Condition

The standard (Std) condition served as the benchmark for comparison with the dif-
ferent testing conditions examined in the following section, with the spraying parameters
defined as “condition A” in Table 1. These spray parameters resulted in a 326 £ 14 um
thickness coating composed of a mixture of molten and semi-molten Stellite 6 splats, with
distinct oxide regions forming at the splat boundaries, as observed in the microstructural
analysis shown in Figure 1. The formation of these oxide regions can be attributed to the
high-velocity oxy-fuel deposition process, which introduced significant thermal energy and
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oxygen exposure during spraying. The particle size distribution and detailed micrographs
of the cross-section of a powder particle and the resulting coating, obtained using electron
channeling contrast imaging, are presented in Figure 2. The Stellite® 6 powder (Figure 2a—c)
was produced by atomization. It exhibited a characteristic dendritic structure, with cobalt
being the predominant element within the dendrites (point 2) and chromium concentrated
more on the outside (point 1). This elemental segregation in the powder was a result of the
atomization process. In contrast, the coating microstructure was marked by a refined grain
structure compared with the starting powder, a consequence of the rapid solidification and
high cooling rates experienced during HVOF deposition (Figure 2d—f). X-ray diffraction
(XRD) analysis of the powder feedstock and the as-spray coating presented three main
peaks characteristic of the metastable FCC structure, confirming no phase transformation
during the coating deposition (Figure 3).

Figure 1. Stellite 6 coating produced with spraying parameters following condition A, (a) cross-
section, (b) top section.
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Figure 2. Cross-section of Stellite 6 powder, (a) low magnification, (b) high magnification, and
(c) EDS-mapping of selected region from b (marks > and * point the core or outer dendrite region,
respectively, in the different element mapping). Cross-section of as-sprayed coating taken with
(e) BSE signal and (f) ECCI, (g) EDS mapping of the f-region. Particle size distribution of the powder
feedstock (d). EDS point analysis of points 1 to 5 are presented in Table 3.

Elemental analysis (Table 3) confirmed the heterogeneous distribution of elements
across the Stellite 6 powder particles. Within the dendritic microstructure of the powder,
a larger cobalt-to-chromium ratio was observed in the dendrite cores (point 2) compared
with the outer regions (point 1). In contrast, the chemical composition of the Stellite 6
splats of the coating (point 4) was closer to the nominal alloy composition (60Co, 30Cr,
5W wt.%), as the high-velocity oxy-fuel deposition process homogenized the elemental
distribution during the rapid melting and solidification of the powder particles. However,
the oxide-rich regions at the splat boundaries were enriched in chromium (points 3 and 5),
exhibiting a Co/Cr ratio of 1 or lower.
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Table 3. Chemical composition measured with SEM-EDS point analysis of selected regions.

Element 1 2 3 4 5 6

Co 49 69 33 61 12.5 Co

Cr 38 25 33 29 49.5 Cr

W 5 2 3 3.5 0.5 \

C 8 4 3 6 3.5 C

@) - - 28 0.5 34 o

+ FCC Stellite 6 - powder
Stellite 6 - as sprayed

Intensity (a.u.)

45 60 75 90
2 theta

Figure 3. XRD spectra of powder feedstock and coating as sprayed.

The wear performance of the coating was evaluated under the standard test conditions
(Std, Table 2), which can be summarized as 300 °C, 5 N normal load, 10 mm stroke length,
3.14 cm/s sliding speed, 1 Hz frequency, and a total distance of 400 m on a polished sample
with a roughness average of 0.04 um without any prior heat treatment. The coefficient
of friction data are plotted in Figure 4, showing the results for two replicate tests under
the standard conditions. The average CoF values were 0.57 & 0.06 and 0.51 % 0.06 for the
5td1 and Std2 conditions, respectively, indicating a relatively high and variable coefficient
of friction. The CoF values were observed to extend from 0.34 up to 0.74 over the 400 m
sliding distance, suggesting significant variation in the frictional behavior during the test.
The measured wear rates were 174 + 9 and 152 + 3 x 10~® mm3/N-m for the Std1 and

5td2 conditions, respectively, demonstrating a moderate level of wear under these standard
test parameters.
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Figure 4. CoF of Std condition.

3.2. Effect of Parameters on CoF and Wear

The conditions presented in Table 2 evaluated the effects of various parameters, in-
cluding spraying parameters, testing temperature, maximum load, total sliding distance,
and heat treatment. The average coefficient of friction is plotted in Figures 5 and 6. Friction
coefficients for most conditions were similar to the standard conditions, exhibiting values
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between 0.39 and 0.76 across all testing. Low CoF values were observed only after the coat-
ing was heat-treated above 800 °C, indicating that the heat treatment significantly impacted
the frictional behavior of the coating. Figure 7 shows the statistical values per condition,
with the reference lines fixed to the values obtained from the standard conditions. The wear
rate of the different conditions is also plotted in Figure 7. Five conditions exhibited a wear
rate below that of the Std1 conditions, demonstrating that certain parameter variations
improved the wear resistance of the coating. The Std2 conditions also demonstrated vari-
ability between multiple repeats under the same conditions, highlighting the importance
of assessing the consistency of the coating’s performance. The testing at 100 °C showed
a lower wear rate, likely due to the thermal softening of the material, which may have
reduced its resistance to wear [33]. Conditions 6, 7, and 8 also had lower wear rates. Even
though the wear rate is a normalized value, the volume loss may not necessarily increase
linearly with distance or time if protective tribolayers are formed. Finally, the condition
with the lowest wear rate was condition 11, representing 2% of the value obtained from
Std1; these conditions corresponded to a sample heat-treated at 1150 °C, indicating that the
high-temperature heat treatment had a significant impact on improving the wear resistance
of the coating.
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Figure 5. Average CoF of conditions described in Table 2.
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Figure 6. Average CoF with different total distance.
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Figure 7. (a) Average CoF and (b) wear rate per condition. Straight lines show the reference value
taken from the average value of the Std conditions. The numbers of repeats per condition are
represented by the R value.

3.3. Wear Mechanisms

Conditions 1 up to 10, similar to the standard conditions, exhibited mainly abrasive
and oxidative wear, where the oxide regions formed tribolayers with rough and smooth
appearances. Figure 8 shows the top surface of the wear track of the Std condition as
an example of the general wear mechanism. The heat treatment used for condition 10
produced oxides that covered the surface, which were then removed by abrasive wear,
creating a small wear track that exposed the underlying metallic coating (Figure 8). This
exposure of the metallic coating suggests that the heat-treatment-induced oxides were
easily removed during the wear testing. In contrast, the heat treatment used for condition
11 resulted in a thin and shallow wear track with smeared oxides, differing from the
previous conditions. The smeared oxide morphology implies a more stable and protective
compacted oxide tribolayer formed during the wear test under these heat-treated conditions.
The following sections discuss the differences between each condition and the standard
condition, providing further insights into the role of heat treatment and its impact on the
wear mechanisms of the Stellite 6 coatings.

Std

Tribolayer

Abrasive marks

Figure 8. Top view of wear tracks taken with SE. Condition number is stated as the top left of
each picture.

3.3.1. Spray Parameters

The standard spraying parameters (Table 1-A) produced a dense Stellite 6 coating with
oxidized regions throughout the microstructure. In contrast, the second set of spraying con-
ditions used a higher fuel-to-oxygen ratio (Table 1-B), which reduced the available oxygen
for interaction with the powder during the high-velocity oxy-fuel deposition process [34].
This decrease in oxygen exposure consequently led to a reduction in the oxide regions
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within the Stellite 6 coating, as shown in Figure 9. The oxide regions produced under the
standard spraying parameters are clearly highlighted in Figure 9a. In contrast, after the
fuel-to-oxygen ratio was increased, the microstructure shown in Figure 9b exhibited only
the metallic splats. This alternative coating was also dense but was more porous (3%) than
the standard coating (1%).

Figure 9. Cross-section of coatings sprayed with (a) standard parameters A and (b) fuel reach
parameters B.

Despite the reduction in oxide regions achieved, the modified spraying parameters did
not improve the wear rate of the Stellite 6 coating after the test was repeated a second time.
In fact, the average wear rate at the standard conditions was lower than the conditions with
decreased oxide content (162 + 12.6 x 107° mm3/Nm and 180 + 7.9 x 10~® mm?3/Nm,
respectively). As shown in the high-magnification images of the wear track (Figure 10), the
Std1 conditions produced a region covered by various oxide morphologies, including thin,
smeared oxides and rough patches of tribolayers. In areas free of tribolayers, as seen with
the Std2 conditions, significant oxidation was observed in the intersplat regions. In contrast,
for condition 1, the oxides at the intersplats were less prevalent, and the tribolayer had a
predominantly rough morphology, suggesting that the presence of oxides (in the absence
of hard intermetallics compared with bulk samples) played a role in the wear behavior of
the HVOF-sprayed Stellite 6 coatings.

1 | Spraying Parameter
| Spraying

Figure 10. Top view of the wear tracks, Std1, Std2, and condition 1.

3.3.2. Testing Temperature

Temperature is an essential parameter influencing the wear performance of Stellite 6
alloy. At temperatures below the severe-to-mild wear transition, the mechanical properties
of the material are affected by thermal softening, which can reduce the material’s hardness
and resistance to wear [33]. Figure 11 highlights the oxidative wear occurring on the
coatings. While these oxides presented a rounder shape, the oxide patches formed at 300 °C
were preferentially deformed in the sliding direction. As a result, the wear rate at 100 °C
was lower than at 300 °C, where the material experienced less thermal softening (Figure 7).
The temperature-dependent wear behaviors are comparable to results from bulk material
studies, where the Vm100/300 ratio (the ratio of wear rates at 100 °C and 300 °C) indicates
the alloy’s ability to form a protective tribolayer at higher temperatures. For the current
Stellite 6 coating, this ratio was 0.54, suggesting that this coating did not form a sufficiently
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protective tribolayer at 300 °C to mitigate the increased wear rate. In contrast, in other
studies where a more effective protective layer formed, the Vm100/300 ratio was higher
than 1, indicating lower wear at the elevated temperature (5 for HS25 alloy [8]).

21100°C Std1 | 300°C

Figure 11. Top view of the wear tracks, conditions 2 and Std1.

3.3.3. Applied Load

The formation of a protective tribolayer is a tribo-sintering process that requires the
application of sufficient contact stress. Normal loads of 1 N, 5 N, and 10 N applied during
the wear testing corresponded to average Hertzian contact stresses of 0.6, 1.03, and 1.3 GPa,
respectively. Previous studies have shown that at temperatures below the severe-to-mild
wear transition, the material’s volume loss tends to increase with higher applied loads since
higher contact stresses can disrupt the formation and stability of the protective tribolayer.
A similar trend can be observed in Figure 12a, where the wear tracks become wider and
deeper as the load increases. Despite the differences in wear track size, the three loading
conditions exhibited comparable wear rates (Figure 7), suggesting that the tribolayers that
were formed during wear, while disrupted by the higher loads, were still able to provide the
same level of protection against wear. Under all three load levels, similar wear mechanisms
were observed, characterized by patchy tribolayers across the wear track and abrasive
marks (Figure 13), indicating that the current contact stresses at 300 °C did not provide the
conditions to form tribolayers that fully protect the surface.
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Figure 12. (a) Maximum wear depth (wear size) and (b) wear volume per load.

3| Load (IN) 4| Load (10N)

Figure 13. Top view of the wear tracks, conditions 3 and 4; left image taken with SE and right image
with BSE.
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3.3.4. Distance

The wear behavior was tested across a range of sliding distances, each corresponding
to a different test duration. As shown in Figure 14, more extensive tribolayer coverage
was evident after 800 m of sliding, indicating that the tribolayer formation was a gradual
process that required a certain sliding distance (or time) to develop. However, even after
doubling the sliding distance to 1600 m, the wear mechanisms remained similar, featuring
both abrasive and oxidative wear. While the wear rate decreased with increasing distance,
material removal continued up to 1600 m, suggesting that the tribolayer was not fully
protective. The high variability in wear rate measurements (six repeats) at 3200 m of sliding
suggests the material might have been in the transition zone between severe and mild
wear [11,12,39]. Although tribolayers were observed on the samples in earlier stages of
the testing (between 100 and 1600 m), these were continuously removed by the sliding
motion and were unable to fully protect the underlying coating. The volume loss between
this interval increased with the distance. However, the volume loss was similar between
1600 m and 3200 m of sliding distance (101 4 19 and 97 + 6 x 10> mm?, respectively). A
more protective tribolayer developed between 1600 and 3200 m of sliding distance, and the
sample worn for 3200 m exhibited a more continuous layer (see Figure 15).

Std1 | 400m 6| 800m

Coating/

exposed

-

Figure 14. Top view of the wear tracks after 100 m, 400 m, 800 m, 1600 m and 3200 m under
different magnifications.

250

,g 200 ] ] .
o,
E ] T o
£ 140 !\ 4150 ©
© 120 iy 1
S 1004 4 100 %
x 1 3
% 80 ‘/ _ ; g
® o — :
8 40 A/A S
= 2] 1° 2
. T T T T T T T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500

Distance (m)

Figure 15. Wear rate and volume loss per distance.

3.3.5. Heat Treatment

Three heat treatment conditions were investigated under conditions 9 to 11. Condition
9, 600 °C for 2 h, enhanced oxidation primarily at the splat boundaries (Figure 16), similar
to the as-sprayed state (Figure 1b). These oxides were more likely to smear during wear,
and the wear rate was comparable to the standard condition, indicating no improvement
in wear resistance (Figure 16, edge of wear track is marked with a dotted line). Condition
10, 850 °C for 24 h, resulted in complete surface coverage by oxides and a significantly
decreased, more stable coefficient of friction (Figures 5 and 16). However, these oxides
were largely removed from the surface during wear, exposing the underlying coating and
revealing abrasive marks. Consequently, wear resistance was not improved.



Lubricants 2025, 13, 264

11 0f 14

11 | HT (600°C-2h) 12 | HT (850°C-24h)

Heat treated . e Heat treated

Heat'treated = § Heat treated

wear track
UNwWorn

wear track —_— W cle= = | wear track

5um

Figure 16. Top view of the coating after heat treatment (top images) and after wear test (lower
images) with low and high magnification. EDS analysis of points 1 and 2 is presented in Table 4.

Table 4. Chemical composition analysis of the sample after heat treatment at 1150 °C and 1 h, detailed
in Figures 16 and 17.

Element 1 2 3
Co 22.7 12.6 0.8
Cr 474 58.1 67.6
W - - -

C 1.7 19 1.6
O 28.2 27.4 30

In contrast, the heat treatment of condition 11, 1150 °C for 1 h produced a coating
covered in a dense network of oxides of cobalt and chromium (Table 4-point 1 and 2).
The presence of these oxides reduced the average coefficient of friction with a steadier
state (Figure 5). Importantly, this condition exhibited the lowest wear rate among all the
evaluated conditions, for which two tests were performed for repeatability (Figure 7).
Micrographs of the wear track revealed a smooth, smeared oxide morphology on the wear
track, suggesting the formation of a protective oxide tribolayer that contributed to the
improved wear performance (Figure 16).

A cross-section of the heat-treated sample (before wear) revealed an oxide layer with
a maximum thickness of 8 um, with the main element being chromium (Figure 17 and
Table 4-point 3), suggesting that the oxide layer was formed mainly of chromium oxide
with a top layer of mixed (Co-Cr) oxides [38]. The cross-section of the worn surface was
obtained using a FIB by thinning the sample prior to the analysis with the STEM (Figure 17).
During this process, the electron beam damaged the sample, removing part of the platinum
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protection that had been placed on the top of the sample. The extended time required for
thinning the sample suggests high hardness in the worn region. Meanwhile, no cracks
were observed on the cross-section, highlighting the high toughness of the oxide layers.
The cross-section of the worn sample’s tribolayer confirms the presence of a thick layer of
Cr-oxide (EDS-mapping No. 4 and SAED pattern No. 7). On top of the Cr-O layer, a top
layer was identified consisting of refined grains of Co and Cr oxides (binary and ternary
oxides). However, it was hard to estimate the extension of the refined-oxide region within
the wear track due to the beam damage.

Unworn Worn

Beam
damage

Cra03
CoCr04
Co304

Co0

—
Oxides

Stellite
6-alloy

Figure 17. Heat-treated sample cross-section before (left) and after (right) wear tests. EDS analysis of
point 3 is presented in Table 4. SAED patterns (6 and 7) and EDS mapping are taken from the marked
region 4.

4. Conclusions

This study provides valuable insights into the wear performance of HVOF-sprayed
Stellite 6 coatings at 300 °C. The wear behavior of the coating was comparable under most
testing conditions, with values between 1 x 107* and 2 x 10~* mm?/N-m. The wear
performance was significantly improved using a heat treatment; crucially, it reduced the
wear rate by more than 90%, reaching values in the order of 10~ mm?/N-m. The most
effective heat treatment involved exposure to 1150 °C for one hour, resulting in a dense
oxide network that facilitated the formation of a protective tribolayer and minimized wear.
Otherwise, the coating in as-spray condition required a large sliding distance (between
1600 m and 3200 m) to properly form the glaze layer, after which the volume loss reached
a plateau. However, further testing is needed to confirm the long-term stability of this
tribolayer and whether it can withstand prolonged sliding without the need for heat
treatment. These results will help guide the development of more wear-resistant Stellite 6
coatings for high-temperature applications.
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